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Abstract
Atomization of emulsified droplets is ubiquitous across a variety of application domains ranging from 
NextGen combustors to fabrication of biomedical implants. Atomization, however, involves interfacial 
processes coupled across multiple spatio-temporal scales. A predictive understanding of atomization 
mechanism in emulsions can result in a paradigm shift in customized designs of efficient systems, be it in 
energy or biotechnology sectors. In this paper, we specifically study the breakup mechanism of an 
evaporating isolated contact-free emulsified droplet (water-oil) as encountered in any real-world 
application. Three distinct regimes are observed during the lifespan of the evaporating droplet. Initially, 
the droplet diameter regresses linearly with time, followed by vapor bubble nucleation due to a significant 
difference in the boiling temperature among the components of the emulsion. The collapse of this bubble 
results in a high-intensity breakup of the droplet leading to the propulsion of residual liquid in the form of 
a crown-like sheet. The area of the expanding crown is shown to vary linearly with the square of the time. 
The expansion of the liquid sheet centrifuges the larger water sub-droplets towards the edge, resulting in 
unique spatial segregation. Subsequently, we report the first observation of complex Marangoni-driven 
patches (representing water sub-droplets) and the rupture of the thin sheet adjacent to patches into holes. 
A criterion for the migration of these sub-droplets is proposed. The breakup of the sheet into holes is also 
predicted using spatial stability analysis. It is determined that the patch sizes must scale to the spatial 
instability wavelength for rupture to occur.  
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 Introduction 
Droplet deformation and atomization are of considerable significance to a wide gamut of applications 
like fuel combustors, ink jet printing, and medical technology 1–5. In particular, droplet atomization 
characteristics in combustors play a significant role in governing the combustion efficiency and pollutant 
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emissions 6. Similarly, the performance of an ink jet printer depends on the mono-disperse size distribution 
of droplets 1. The atomization phenomenon is a complicated interfacial process governed by parameters 
such as surface tension, viscosity, external forces (inertial, acoustic, and electromagnetic force), and non-
dimensional groups thereof. Depending on the non-dimensional parameters such as Weber number, 
various types of breakup have been reported in the literature viz., bag, oscillatory, and catastrophic 
breakup, to name a few 1.  
The breakup mechanisms have been extensively studied in pure droplets across various application 
domains. However, emulsified or colloidal droplets pose a unique set of challenges in terms of droplet 
deformation and breakup. Moreover, the study of such droplets is essential in next-generation combustors, 
ink jet printing, biomedical, 3D printing, and similar applications. Interestingly, the literature is mostly 
devoid of studies that provide systematic physical insights or predictive mechanisms in the context of 
emulsified systems. Nevertheless, a limited number of studies, particularly in the domain of drop impacts 
have been carried out on the breakup of emulsified droplets 7,8. Vernay et al.7 investigated the breakup of 
oil-in-water emulsion droplet impacting on a solid surface. It was shown that the radially expanding liquid 
sheet formed due to the impingement undergoes breakup through the Marangoni effect. This Marangoni 
driven breakup is characterized by a network of holes bounded by unstable liquid filaments due to the 
formation of dark patches. The occurrence of Marangoni-driven breakup has also been reported for 
droplets impacting on a pool of a liquid with lower surface tension, characterized by a crown-like sheet 
9,10. It was proposed that the crown breakup results from a spray of fine droplets ejected from the thin low-
viscosity film on the solid. When these droplets interact with the crown, dark spots are formed with low 
surface tension, which subsequently lead to the patch thinning and further hole formation 9. In addition, 
the growth rate of the patch thinning as well as hole formation was quantified. This Marangoni crown 
sheet is similar to the ones observed in the context of the impact of droplets onto thin films 11–13, dry solid 
surfaces 14, and laser pulse impact 15,16. Recently, the formation of the crown-like sheet has also been 
reported in burning multi-component pendent droplets 17 and laser-induced cavitation of levitated droplets 
18.  
Although a few studies have focused on understanding the breakup mechanisms driven by Marangoni 
instability, there has been no such investigation on contact-free emulsified droplets. The implications of 
such a study are significant as the individual droplets represent the sub-grid level component of any 
evaporating or burning fuel spray, and their breakup mimics the essential atomization physics in a typical 
combustor. 
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In this work, we show the breakup mechanisms and associated physics for an isolated contact-free 
emulsified (water-in-n-decane) droplet under external heating. Primarily, we delineate three distinct 
regimes during the lifespan of the droplet through scaling and linear stability analysis. The overview of 
the droplet evaporation and breakup phenomenon is presented in section III A. We show that during the 
breakup process, the area of the expanding crown varies linearly with the square of the time (section III 
B). We also report the migration of the water sub-droplets by centrifuging effect of the expanding crown 
resulting in unique spatial segregation of sub-droplets from a randomly well-mixed dispersion (section 
IIID). Finally, we perform a comprehensive investigation and propose a predictive mechanism of 
Marangoni-driven patch and hole formation in the liquid sheet, which is first of its kind in the context of 
a single isolated contact-free droplet (section III C and III D). Despite the stochasticity and complexity 
involved in capturing the complex Marangoni patches and holes, a predictive mechanism of its occurrence 
is proposed and analyzed in detail.  
 Experimental methodology 
In the present experiments, the initial diameter of the emulsion droplet is maintained at 450 ± 50 µm. 
The emulsion consists of 20% (v/v) water while 2.5% (v/v) surfactant (SPAN 80) is used to stabilize the 
emulsion. The properties of the tested liquids are listed in the supplementary material (see Table S1). The 
influence of surfactant on the physical properties of the liquids has not been considered in the present 
work. The mixture is sonicated for 15 minutes with continuous stirring. The experiments are conducted 
within 30 minutes from the sonication of the mixture. The emulsion droplets are levitated at the pressure 
nodes of the acoustic levitator (Tec5, 100 kHz, 154 dB) and are externally heated using a tunable CO2 
laser (Synrad 48, beam diameter of 3.5 mm, and wavelength of 10.6 μm) at an irradiation intensity of 0.99 
MW/m2. The droplet breakup process is captured using a high-speed camera (Phantom Miro Lab110) 
coupled with a 5X zoom lens. The high-speed images are obtained at a spatial resolution of 0.16 µm/pixel 
and a frame rate of 20,000 fps while the exposure is maintained at 10 µs. The droplet surface temperature 
is measured using an infrared camera (FLIR SC5200) at 500 fps and a spatial resolution of 12.4 μm/pixel. 
The captured IR images are processed by ALTAIR software in order to obtain the droplet temperature 
profile. The high-speed and IR cameras are synchronized with the laser using a delay generator. Refer to 
Raju et al.19 for additional details of the experimental apparatus. The diameter of the water sub-droplets 
in the emulsion is measured using an optical microscope (Olympus BX-51, Japan) before conducting the 
experiments. Since the emulsion droplets are suspended soon after sonication, the influence of sub-droplet 
coalescence on the evaporation and breakup of the droplet is assumed to be negligible. The regression of 
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the droplet diameter is obtained using an in-house MATLAB code17.  The velocity and acceleration of the 
deforming parent droplet as well as the patch and hole diameter are measured using an image analysis 
platform (Image-Pro Plus). The experiments are repeated at least ten times to ensure the repeatability of 
the reported phenomena. 
 Results and discussion 
A. Overview of droplet evaporation and breakup 
The droplet regression data acquired from high-speed imaging and temperature profiles obtained from 
infrared thermography indicate that the heating process of water/decane emulsified droplet consists of 
three distinct regimes for all the droplets studied, namely, evaporation (Regime I), nucleation and bubble 
collapse (Regime II), and sheet fragmentation through Marangoni instability (Regime III). Figure 1. shows 
the temporal evolution of droplet diameter for a typical emulsion droplet. Regime I is characterized by 
two stages, i.e., initial droplet preheating (0 ≤ t ≲ 50 ms) and droplet diameter regression (50 ≲ t ≲ 250 
ms). During the preheating regime (Regime IA), the droplet diameter remains nearly constant which is 
followed by the linear regression of droplet diameter (D) with time (t) (Regime IB). This linear relation 
signifies that the droplet evaporation in the present case is limited by the magnitude of external heating by 
laser irradiation 19.  
 
FIG. 1. Variation of normalized diameter (D/D0) with time representing different regimes during the evaporation 
and subsequent breakup of a typical droplet. The inset shows the linear regression of normalized droplet diameter 
with time.  
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The preheating and the linear regression can also be delineated from the maximum droplet temperature 
profile (Fig. 2(a) and (b)). The droplet temperature profile shows an increase in surface temperature for 
the initial 50 ms of the heating process and consequently attains a nearly constant value (105 °C) until its 
breakup at approximately 250 ms. Therefore, further analysis of droplet breakup dynamics has been done 
using the fluid properties at 105 °C (see Table S1. in the supplementary material).  
  
FIG. 2. (a) Infrared images showing the droplet surface temperature distribution during the preheating and 
regression regimes. (b) Temporal evolution of the droplet surface temperature. The droplet is heated at an irradiation 
intensity of 2.2 MW/m2.  
During the final stages of Regime I, the water sub-droplets present in the parent droplet are superheated 
due to significant volatility difference between the liquid components since the boiling temperature (Tb) 
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of water (Tb = 373 K) is significantly lower than decane (Tb = 447 K). This superheating results in the 
formation of high-pressure water vapor bubble inside the parent droplet (Regime II) as illustrated in Fig. 
3(a). The timescale of Regime II is significantly shorter (~ 10−6 s) than other regimes since it is associated 
with the nucleation and rapid breakup of the vapor bubble. The ratio of droplet diameter at the onset of 
breakup to the initial droplet diameter ranges from 0.45 − 0.55. It can be contemplated that only a single 
bubble breakup event leads to the droplet fragmentation due to significantly short nucleation and breakup 
timescale. Moreover, the formation of nearly axisymmetric sheet post-breakup signifies the occurrence of 
a single breakup event.  
 
FIG. 3. (a) Schematic of the evolution of water-in-decane emulsion droplet under external heating. Regime I 
corresponds to initial evaporation of the droplet, Regime II represents nucleation and the subsequent breakup of the 
vapor bubble, and Regime III signifies crown-like sheet formation and development of Marangoni-driven patches 
and holes. The inset shows the observation of components of the emulsion under an optical microscope. (b) 
Experimental observation of Marangoni-driven patches and holes during the crown breakup of water-in-decane 
emulsion droplet. The first frame represents initial droplet and the second frame corresponds to the droplet at the 
pre-breakup instant. The last four frames are separated by 50 µs. 
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The bursting of this single vapor bubble leads to the disintegration of the parent droplet. Initially, a cloud 
of daughter droplets along with the water vapor is ejected from the parent droplet. Subsequently, the 
residual liquid propels in the direction opposite to the ejected daughter droplets in the form of a crown-
like sheet. The first frame in Fig. 3(b) corresponds to initial droplet diameter (D0) while the remaining 
frames (from left to right, at 50 µs interval) correspond to the droplet at the pre-breakup instant, initiation 
of fragmentation, development of patches and holes in the crown, and complete sheet fragmentation.  
B. Crown sheet expansion 
During the propulsion of the residual liquid sheet, the laser optical radiation pressure and the thermal-
radiation pressure caused by droplet surface heating are negligible 15,20. Therefore, the sheet motion is 
primarily a result of the recoil force due to the collapse of the vapor bubble. The resulting vapor recoil 
pressure deforms the droplet and propels it backward at high acceleration (~ 6 ± 2 × 104 m/s2). This 
deformation occurs at the inertial time scale 15, 0 / ~i R U = 10
−5 s, where R0 is the radius of the droplet 
at the pre-breakup instant (110 µm), and U is the maximum velocity of the sheet (~5 – 8 m/s). 
Regime III describes the motion of the crown accompanied by its expansion in the radial direction. The 
radial expansion of the crown sheet (with R0=110 µm) is directly associated with the liquid surface tension, 
which attempts to inhibit the deformation at the capillary timescale 15, 
3
0 /c R  =  = 235 µs, where ρ 
and σ are the density and surface tension of the liquid respectively. The order of the capillary time agrees 
with the experimental sheet breakup timescale (~ 150 μs) (see Fig. 3(b)). Here, the relative importance of 
viscosity over the surface tension is negligible since the Ohnesorge number, Oh < 0.05, where 
Oh h  = . Here µ is the viscosity of the liquid and h is the thickness of the liquid sheet. The radial 
expansion of the sheet is described using the normalized area (A*) as a function of normalized time (t/τc). 
The normalized crown area is defined as crown dropA A A
 = , where Acrown is the crown area and Adrop is the 
droplet area at the pre-breakup instant. The normalized area is observed to vary as the square of normalized 
time (i.e., A* ∝ (t/τc)2), as shown in Fig. 4(a). Also, the sheet decelerates in the present case at a constant 
rate during the expansion (see inset of Fig. 4(a)). These observations of sheet expansion are consistent 
with the results reported in the framework of sheet expansion due to laser-pulse impact15,16. 
In the present case, immediately after bubble bursting, the total kinetic energy (K.E.total) of the 
expanding sheet may be approximated as, 
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Here, mcrown is mass of the crown sheet, Icrown is the mass moment of inertia and ω is the angular velocity 
of the sheet. Uexpansion and Utranslation are the expansion and translational velocity of the sheet respectively. 
It can be noted that the influence of K.E.translational and K.E.rotational on the sheet enlargement is minimal 
compared to K.E.expansion (see Fig. 4(b)). However, as will be discussed in section III C, the rotational 
velocity (ω) plays a significant role in the migration of water sub-droplets. 
 
FIG. 4. (a) Variation of the normalized area (A* = Acrown/Adrop) with normalized time (t/τc) during the crown breakup. 
The area of the expanding crown is obtained through two-dimensional projections of the crown considering 
axisymmetric expansion, and thus the data do not resolve the curvature of the crown. The total error estimating 
crown area due to the uncertainty in pixels is of the order of 15%. The normalized area varies as the square of 
normalized time (i.e., A* ∝ (t/τc)2). The right inset shows the variation of expansion velocity (Uexpansion) of the crown 
sheet with the normalized time (t/τc). (b) Schematic showing three fundamental motions that constitute the evolution 
of the crown sheet.  
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C. Marangoni patches and holes 
The formation and growth of dark patches occur on the sheet during its expansion and thinning due to 
the surface tension gradient induced by Marangoni stresses21. Similar patches have been reported to form 
due to the spreading of oil sub-droplets on water7,8.  
 
FIG. 5. (a) Illustration of Regime III, indicating (i) randomly dispersed water sub-droplets in the expanding crown, 
(ii) migration of sub-droplets, and (iii) migrated larger sub-droplets and formation of holes surrounding them. The 
inset illustrates the angular motion of the sheet edge with respect to the axis of symmetry. (b) Schematic describing 
the mechanism of sheet rupture and hole formation. (c) Expansion of liquid sheet and observation of wave-like 
pattern on the liquid sheet along with Marangoni-driven patches and holes. 
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In the present case, however, because the sheet significantly thins during its expansion, it can be 
contemplated that water sub-droplets also undergo sufficient stretching and thinning. As a result, patch-
like structures are visible on the sheet due to the surface tension gradient. The formation of these patches 
and holes (via sheet rupture) can be explained through three stages as shown in Fig. 5(a). Here, stage (i) 
corresponds to the presence of randomly dispersed water sub-droplets right after the breakup of parent 
droplet. Stage (ii) represents the migration of these sub-droplets towards the sheet edge. Stage (iii) 
indicates the visibility of sub-droplets as dark patches with the larger ones present near the sheet edge, 
whose surrounding regions rupture into circular holes. It is also probable that the presence of larger patches 
near sheet edge is the manifestation of higher outward acceleration and the stretching of the sheet edge. 
However, further investigation is needed to validate this conjecture. Nevertheless, the stages mentioned 
above seem more apt towards explaining the formation of patches and holes, as discussed in the 
forthcoming analyses.  
A plausible mechanism associated with sheet rupture and hole formation is illustrated in Fig. 5(b). 
When the liquid sheet expands and thins, the region adjacent to the patches (representing water sub-
droplets) is expected to rupture due to the lower surface tension of oil (decane) compared to that of water. 
A similar hypothesis for sheet rupture and hole formation was also put forward by Aljedaani et al. 10 for a 
droplet with higher surface tension impacting on a thin liquid film having lower surface tension. Figure 
5(c) shows the experimental observation of the sheet expansion accompanied by the formation of patches 
and holes. A wave-like pattern is also observed on the sheet surface whose wavelength is of the order of 
100 µm. It should be noted that due to the complexity in capturing the focused sheet after the droplet 
breakup, clear segregation of patches, holes, and wave-like pattern could not be observed simultaneously 
in all the test cases. 
The expansion of the liquid sheet is expected to induce centrifugal force which acts on the water sub-
droplets as 
2
c sd rF m L=                                                                      (2) 
Here msd represents the mass of sub-droplet, ω is the angular velocity of the expanding sheet, and Lr is the 
radial length (see Fig. 5(a)). In essence, the sub-droplets encounter centrifugal force ( )cF  responsible for 
outward motion while the surface tension force, 2st crownF R =  (Rcrown is the radius of the crown sheet) 
resists this motion. The ratio of the magnitude of these two forces (Fc/Fst) governs the tendency of sub-
droplet migration towards the sheet edge. In particular, Fc/Fst ≳ 1 indicates that the large-sized sub-
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droplets should preferentially migrate towards the expanding sheet edge resulting in natural segregation 
of the sub-droplet size distribution (see Fig. 6). This fact is proved experimentally in Fig. 7 where it can 
be seen that the patch diameter scales linearly with radial length, Lr along the axis of symmetry of the 
sheet. The ratio Fc/Fst can also be correlated with Lr using the following relation,  
 
3 2
3 2
4
23
2 3
p w r
p w rc
st crown crown
R L
R LF
F R R
  
 
  
 
 
 = = ,                                              (3) 
Here ρw is the density of water and Rp is the radius of the patch. It is clear that the sub-droplet size, the 
severity of bubble collapse (ω depends on bubble collapse), and surface tension determines the length 
scales of the patches along the sheet radius.  
 
FIG. 6. Variation of theoretical Fc/Fst along the non-dimensional radial length of the crown (Lr/Lr, max) for different 
patch diameters. The circular markers indicate the position of the respective patches (along the direction of Lr) 
observed in the experiments with a maximum uncertainty of the order of ± 5%.   
It is important to note that equation (3) only applies to the sheet during its initial stages since the sheet 
disintegrates once it fully expands. In Fig. 6, the variation of Fc/Fst has been plotted along the non-
dimensional radial length of the crown (Lr/Lr, max) for different experimentally observed patch diameters 
(i.e., 25, 38, 64, 90, and 115 μm). It is evident that the droplets of size 25, 38, and 64 μm never attain the 
condition necessary for migration. On the other hand, the 90 and 115 μm sized droplets migrate towards 
the edge as Fc/Fst value increases beyond unity. 
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FIG. 7. Variation of normalized patch diameter (Dp/λ) with the normalized centrifugal force (Fc/ wcrown) along the 
radial distance of the sheet (Lr) at 100 µs from the onset of the breakup. The dotted line connecting the markers 
represents linear trendline. The rectangular boxes on the curve signify the fulfillment of the criterion for hole 
formation (Dp, eff/λ ≳ 1). The inset on the left side displays small patches, large patches, and hole coalescence while 
the inset on the right side highlights the circular holes of the size comparable to patch diameter near the sheet edge. 
Figure 7 shows the linear growth of the normalized patch diameter (Dp/λ) with normalized centrifugal 
force (Fc/wcrown). Here, λ is the radial distance between the consecutive rows of patches which incidentally 
also matches with the wavelength of wave-like pattern reported in Fig. 5(c). The water droplets near the 
sheet edge experience two orders of magnitude larger centrifugal force than the weight of the crown (wcrown 
= mcrowng) (Fig. 7). As a consequence of this, small to large sized patches disperse proportionately along 
the increasing radial length /r c crownL F w (Fig. 7). Due to the curvature effects, the patches do not always 
remain in the same plane with respect to the camera, resulting in uncertainty in the measurement of patch 
diameter. However, the maximum uncertainty in the measurement of Dp is within ± 5%.  
Additionally, the size distribution of water sub-droplets in the emulsion (Fig. 8(a)) can roughly be 
related to the patch diameter distribution (Fig. 8(b)). The highlighted portion in Fig. 8(a) indicates that the 
droplets which migrate towards the sheet edge, follow the criteria, Fc/Fst ≳ 1, as discussed earlier. 
Similarly, the highlighted section in Fig. 8(b) represents the diameter of patches on the surface of the sheet 
(will be discussed in section III D). 
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FIG. 8. (a) Diameter distribution of water sub-droplets and (b) diameter distribution of patches. 
D. Spatial instability analysis 
The rupture of the thin sheet surrounding the patches can be described theoretically using spatial 
stability analysis (thin liquid sheet moving in an inviscid quiescent medium). The experimental radial 
distance between the centers of the patches (λexp) (Fig. 5(c)) is actually a direct measurement of the 
instability wavelength 22. The dispersion equation associated with the thin liquid sheet accelerating in a 
direction perpendicular to its surface (Fig. 9(a)) is given as23, 
 ( ) 
1/2
2 3 3 4 2coth( ) 1 1 / ) tanh ( )ck h kh k k kh  =  − 
,                                  (4) 
where the capillary wavenumber, 
 c crownk a = .                                                              (5) 
In the present case, kch ≈ 1.32, where the sheet thickness (h ~ 25 µm) is estimated by measuring the 
ligament diameter with an uncertainty of ± 2.5 µm. The most amplified wavenumber (km), which is 
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coupled to the sheet acceleration (acrown) can be determined from equation (4), as seen in Fig. 9(b). The 
estimated theoretical wavelength ( 2 / )th mk =  is 160 μm, which agrees closely with the experimentally 
observed radial spacing between the patches (λexp ~ 100 μm). The approximation of the most amplified 
wavenumber (km) has also been expressed by Bremond and Villermaux
24 for a thin sheet with kch ~ 1 as, 
4 3 1 3
, 1/66
c
m approx
k h
k = ,                                                               (6) 
The acceleration of the sheet (acrown) can be theoretically estimated by applying conservation of 
momentum on the crown sheet, 
( )crown crown b a bm a P P A= − ,                                                    (7) 
here, Pb is the vapor bubble pressure, Pa is the ambient pressure, Ab is the area of the bubble, and mcrown 
is the mass of the crown. 
Therefore, from equations (5) − (7), 
     ,
2 2 2 2 2 23 3
,
2 8.47 8.47
( )
th approx
m approx crown b a b crown
k h a h P P A m


 
= = =
−
.                          (8) 
  
 
FIG. 9. (a) Illustration of destabilization on a sheet accelerating in a direction perpendicular to its surfaces. (b) 
Dispersion relation (equation 4) indicating the most amplified wavenumber (km). 
In the present case, λth ≈ λth,approx, which validates the functional dependency of λexp on the physical 
parameters such as sheet thickness (h), the density of the liquid (ρ), vapor bubble pressure (Pb), area (Ab), 
and crown sheet mass (mcrown). The rupture of the crown sheet through hole formation occurs when,  
Dp, eff/λexp ≳ 1,                                                                  (9) 
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where Dp, eff indicates effective patch diameter required for hole formation to occur on the sheet (see the 
illustration in Fig. 5(a)). Therefore, it is evident that Dp, eff at the onset of rupture can be correlated to λexp 
through equation 8. This, in turn, implies that the hole formation mechanism can be ascertained or 
predicted apriori. For example, a sheet with very low acceleration or a large mass of the crown sheet can 
lead to an increase in λexp, which is detrimental for rupture to occur. Equation 8 signifies that for an 
emulsion with small sized sub-droplets, the rupture of sheet and formation of holes is unlikely. This 
directly stems from equation 9, which indicates that only the area surrounding the larger sized patches 
with a length scale comparable to λ are likely to undergo rupture. However, as indicated in equation 8, 
high vapor bubble pressure, sheet acceleration, and the area will lead to rupture at shorter wavelengths.  
The left inset of Fig. 7 shows multiple holes near the edge of the sheet encompassing web of complex 
ligament structures. Despite the stochastic behavior of sheet breakup, multiple evidences of hole formation 
during sheet expansion are obtained (see Fig. S1 in the supplementary material). In the present work, the 
growth rate of these holes is observed in the range of 1.2 – 1.4 m/s. The growth rate of these holes can be 
further predicted using Taylor-Culick law 25,26 assuming uniform and constant sheet thickness as,  
2HV h = .                                                                      (10) 
 
FIG. 10. Diameter distribution of secondary droplets originating from the disintegration of the crown sheet. 
The order of magnitude of the theoretical hole growth rate (VH = 1.5 m/s) is comparable to the 
experimentally observed values. Similar values of growth rate (1.5 – 2.3 m/s) have also been reported in 
the literature 7,9. The ligaments originating from the hole formation are approximately uniform in diameter 
and undergo breakup into secondary droplets with Sauter mean diameter (SMD) ~ 50 µm (see Fig. 10). 
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The initial development of the hole near the sheet edge is almost circular (right inset of Fig. 7); however, 
once the holes grow or coalesce, polygonal structures are formed with long filaments. The secondary 
droplets move at a significant forward velocity (~5 – 8 m/s) after their dissociation from the ligaments. 
The ligaments (aspect ratio ≥ 4) formed from the sheet become unstable and undergo Plateau-Rayleigh 
instability with a short capillary timescale (τc = 20 μs). Due to the significantly large sheet velocity, the 
disturbances caused by Marangoni instability on the crown may also be amplified by the influence of 
ambient air due to the Kelvin-Helmholtz instability. However, this instability is beyond the scope of the 
present work and need to be explored in the future. 
 
 Conclusions 
We have provided a comprehensive physical description of the breakup dynamics of an evaporating 
levitated emulsion droplet. The droplet life history consists of a) initial regression, b) bubble formation 
and collapse, and c) expansion of the liquid sheet with the formation of Marangoni patches and subsequent 
rupture of thin sheet surrounding the patches. The collapse of the high-pressure vapor bubble results in 
the breakup of the droplet leading to the acceleration and expansion of a crown-like sheet. The area of this 
expanding crown varies linearly with the square of the time. It has been theoretically substantiated through 
force balance that the centrifugal force driven migration naturally segregates the sub-droplet distribution 
leading to larger patches at the sheet edge. The rupture of the sheet adjacent to these larger Marangoni 
patches results in the creation of holes in the crown sheet. The diameter of patches at the onset of rupture 
has been correlated with the instability wavelength. Additionally, the functional dependency of this 
wavelength on the physical parameters such as sheet thickness, liquid density, and crown sheet 
acceleration has been reported.  
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Supplementary material 
 
 
 
 
Table S1. Properties of tested liquids at atmospheric pressure. 
 
 
 
 
 
 
 
⁑Saturated liquid density of water (Calculation by DIPPR105 Equation) 
*Saturated liquid properties (Poling, Prausnitz, and O’Connell 2001) 
+Density of decane is obtained from (Francis 1957) 
$Surface tension and viscosity of decane are obtained from (Poling, Prausnitz, and O’Connell 2001) 
§Heat of vaporization of liquids are obtained from (Kim and Baek 2016) 
#Vapor pressure of liquids are obtained from KDB correlation equation (Korean Thermophysical Properties Data Bank). 
 
Calculation of surface tension 
From corresponding states correlation (Poling, Prausnitz, and O’Connell 2001), 
2 3 1 3 11 9(1 )c c rP T Q T = −  
ln( /1.01325)
0.1196 1 0.279
1
br c
br
T P
Q
T
 
= + − 
− 
 
Here Pc, Tc, Tbr, and Tr are critical pressure (bar), critical temperature (K), reduced boiling temperature 
(K), and reduced temperature (K) respectively. Tc and Pc for n-decane and water are 345 °C and 21.1 bar 
and 374 °C and 220.6 bar, respectively. 
 
Property n-Decane Water 
Boiling point (K) 447 373 
Density at 105 °C (Kg/m3) 664+ 944⁑ 
Surface tension at 105 °C (mN/m) 16$ 58.9* 
Viscosity at 105 °C (cP) 0.34$ 0.26* 
Heat of vaporization (kJ/kg) 276§ 2260§ 
Vapor pressure (KPa) at 105 °C 11.64# 122.57# 
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Calculation of viscosity 
From Andrade equation (Poling, Prausnitz, and O’Connell 2001), 
ln L
B
A
T
 = +  
where A and B are coefficients and T is the temperature in K. Coefficients A and B for decane are (–
4.46,1286). 
 
Calculation of vapor pressure 
From KDB Correlation equation (Korean Thermophysical Properties Data Bank), 
2ln( ) ln( )vp
B
P A T C DT
T
= + + +  
Where A (-7.768817, -7.342973), B (-8163.335, -7276.391), C (69.76469, 67.02455), and D (2.620333 
× 10-6, 4.161914 × 10-6) are the coefficients for decane and water respectively. T is the temperature in K. 
 
Multiple observations of hole formation 
 
Fig. S1. Hole formation in the sheets which are not disintegrating in the line of sight of the camera. 
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